1. Introduction {#sec1}
===============

Cardiac dysfunction is the hallmark of DCM, which is independent of the occurrence of coronary atherosclerosis or hypertension. It has been characterized by reduced velocity of contraction and relaxation and depressed myocardial contractility and compliance \[[@B1]\]. Myocardial fibrosis and hypertrophy are the primary structural changes observed in diabetic cardiomyopathy \[[@B2]\]. The diabetic myocyte is susceptible to cell apoptosis and necrosis, which is paralleled by fibroblast replacement, resulting in interstitial fibrosis mediated primarily by TGF-*β* \[[@B3]\]. Although the pathogenesis of DCM is multifactorial, several underlying mechanisms including alteration in cardiac energy metabolism \[[@B4]\], impaired Ca^2+^ homeostasis, \[[@B5], [@B6]\], and accumulation of ROS and cell death \[[@B7], [@B8]\] have been proposed. Of these, oxidative stress has been recognized as the important initiating factor and plays a pivotal role in the development of DCM \[[@B9]--[@B11]\].

Long-term hyperglycemia exerts the deleterious effects through overproduction of ROS that outweighs their degradation by antioxidant defense systems such as superoxide dismutase (SOD), catalase (CAT), heme oxygenase-1 (HO-1), and thioredoxin (Trx) \[[@B10], [@B11]\]. Oxidative stress also occurs in diabetic heart, resulting in cardiac dysfunction possibly by direct oxidative damage to cellular macromolecules, such as DNA and proteins \[[@B12], [@B13]\], disruption of Ca^2+^ homeostasis \[[@B14]\], and enhancement of cardiomyocyte apoptosis \[[@B15]\]. Furthermore, increasing evidence has implicated abnormal expression and activation of PKC*β* isoform in a broad array of diabetic complications \[[@B16]\]. PKC*β*-dependent activation of NAD(P)H oxidase, a prooxidant enzyme that serves as an important source of ROS production, has been demonstrated to be an essential mechanism responsible for the increased oxidative stress in diabetes \[[@B17]\]. Moreover, PKC*β* is preferentially overexpressed or activated in cardiomyocytes of rodents with diabetes; and inhibition of PKC*β* activity improves the cardiac function in diabetic rats \[[@B18], [@B19]\]. Therefore, increases in PKC*β* abundance and activity contribute significantly to the production of ROS and the development of DCM in diabetes.

Several antioxidants have been explored to ameliorate the morphological and functional changes of DCM \[[@B20]--[@B23]\]. However, although the targets at reducing ROS or increasing antioxidant activity represent valuable therapeutic approaches against DCM, it is still controversial for the application of pharmacologic antioxidants against diabetes in patients because of inadequate support for relieving pathological changes of DCM from clinical trials and also some adverse effects of these drugs \[[@B13], [@B24]\]. Fucoidans are a class of sulfated, fucose-rich polysaccharides extracted from brown seaweeds. LMWF (\~7000 Dalton), extract from edible species of*Laminaria japonica* in Qingdao has been shown to have a spectrum of bioactivities such as antioxidation, anti-inflammation, and anticoagulation \[[@B25], [@B26]\]. We have previously demonstrated that LMWF protected against renal ischemia-reperfusion injury via inhibition of the MAPK signaling pathway \[[@B27]\], indicating LMWF has beneficial effects against oxidative stress injury. Furthermore, LMWF alleviates diabetic retinal neovascularization and damage via inhibition of vascular endothelial growth factor (VGEF) \[[@B28]\]. LMWF also induces endothelium-dependent vasodilation and protects vasoendothelial function in diabetic cardiovascular complications \[[@B29]\]. Moreover, the production of reproducible fucoidan fractions on a commercial scale and a lack of oral toxicity has made it practical for therapy by fucoidan \[[@B30]\]. In this study, we aimed to investigate whether LMWF exerts favorable actions on the development of DCM.

We compared LMWF-treated diabetic rats relative to untreated diabetic rats, and the results demonstrated that chronic treatment with LMWF produced a pronounced protective effect on DCM by improving cardiac contractile function, ameliorating the collagen deposition and improving the myocardium remodeling. In addition, the excessive PKC*β* expression and ROS production as well as the resultant cardiomyocyte apoptosis in diabetic rats were also attenuated by LMWF.

2. Materials and Methods {#sec2}
========================

2.1. Drugs {#sec2.1}
----------

As previously described \[[@B31]\], LMWF was produced from*Laminaria japonica*cultured in Qingdao and analyzed as follows: fucose content 29.5% (wt/wt); uronic acid content 7.5%; and sulfate content 30.1% \[[@B32]\]. The average molecular weight is about 7000 Da and LMWF was dissolved in physiological saline for animal treatment and in PBS for cell culture.

2.2. Characterization and Treatment of Diabetic Rats {#sec2.2}
----------------------------------------------------

All animal study protocols were approved by the Institutional Animal Research and Ethics Committee of Capital Medical University.

As previously described \[[@B29]\], twelve-week-old male GK rats and age-matched Wistar rats were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and reared in a standard experimental animal laboratory with normal food and water given ad libitum. Body weights were measured once a week, while blood glucose was examined once a month. Oral glucose tolerance test (OGTT) was also performed at the beginning of the experiment as previously described \[[@B29]\]. Blood glucose was measured from caudal vein with Accu-Chek Active glucometer (Roche Diagnostics, Indianapolis, IN, USA). All the animals were randomly divided into 5 groups with 12--15 rats in each group: (1) Wistar control rats (control group); (2) Wistar control rats treated with 100 mg/kg/day LMWF; (3) diabetic GK rats (DM group); (4) GK rats treated with LMWF (50 and 100 mg/kg/day, resp., referred to as F50 and F100 group). Diabetic GK rats were administered LMWF orally by gavage daily for consecutively 3 months and normal group and DM group were given equal amount of vehicle. Here it is needed to mention that all the physiological parameters of control animals administered with LMWF were similar to those of control group, so we only provide the data from control group.

2.3. Analysis of Left Ventricular Function by Echocardiography {#sec2.3}
--------------------------------------------------------------

Animals were subjected to isoflurane-based anesthesia and chest hair was removed by depilatory cream. M-mode echocardiography was performed using a high resolution ultrasound system (VisualSonics Vevo 770, Toronto, Canada) equipped with a high frequency transducer (frequency band 12--38 MHz). Left ventricular end-diastolic inner-dimension (LVIDd), diastolic left ventricular posterior/anterior wall thickness (LVPWd/LVAWd), and the corresponding systolic parameters of LVIDs and LVPWs/LVAWs were measured. The other parameters of cardiac output (CO), ejection fraction (EF), and fraction shortening (FS) were calculated by VisualSonics analysis software.

2.4. Isolated Heart Perfusion by Langendorff Method {#sec2.4}
---------------------------------------------------

The rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (300 mg/kg). The heart was immediately removed and perfused at the constant pressure by the Langendorff method. Modified Krebs-Henseleit bicarbonate buffer (K-H buffer, mM: NaCl 118, KCl 4.7, CaCl~2~2.0, MgSO~4~ 1.2, KH~2~PO~4~ 1.2, EDTA 0.5, NaHCO~3~ 25, glucose 11, pH 7.4, 37°C, 95% O~2~ + 5% CO~2~ gas mixture) was used as the perfusion buffer. A small balloon was inserted in the left ventricle through the left atrium to measure left ventricular pressure by a pressure transducer. The balloon was coupled to a microsyringe and balloon volume was adjusted to achieve a left ventricular end-diastolic pressure (LVEDP) of 5--10 mmHg at the beginning of the experiment. Peak left ventricular systolic pressure (LVP) and left ventricular developed pressure (LVDP) were calculated as LVP-LVEDP, and the maximum rate of pressure increase or decrease (±dp/dt) was determined by Powerlab software (AD Instruments, NSW, Australia).

2.5. Hematoxylin-Eosin (HE) and Sirius Red Staining {#sec2.5}
---------------------------------------------------

Paraffin-embedded left ventricle (LV) sections of 5 *μ*m in thickness were stained with Hematoxylin-Eosin and Sirius Red to identify the structural changes and measure myocardial fibrosis. The micrographs were taken by a microscope (Leica DM 4000B, Wetzlar, Germany). The extent of myocardial fibrosis was evaluated by the ratio of the positively stained fibrotic area to the whole area of the myocardium by Image J programme. The myocytes areas of LV cross sections were measured by Leica Qwin software.

2.6. RT-qPCR {#sec2.6}
------------

Total RNA was extracted from the heart tissues of rats using TRIzol (Invitrogen, Carlsbad, CA) and reverse transcribed using SuperScript III First-Strand Synthesis System for reverse transcription- (RT-) PCR Kit (Invitrogen) according to the manufacturer\'s instructions. Real-time PCR was carried out in triplicate in an ABI 7500 real-time PCR system (Applied Biosystems) with a 20 *μ*L reaction mixture containing SYBR Green qPCR master mix and 300 nM fibronectin primers. The primer sequences for fibronectin were 5′-acaccatccaagtcctgagg-3′ and 5′-tctgatcggcatgaaccact-3′. The primer sequences for GAPDH were 5′-agacagccgcatcttcttgt-3′ and 5′-cttgccgtgggtagagtcat-3′. The thermal cycling was initiated by the polymerase activation step for 10 min at 95°C followed by 40 cycles of denaturation (95°C for 30 s) and annealing/extension (60°C for 1 min). The relative expression of fibronectin was normalized to GAPDH as an internal control and determined by a previously described method \[[@B33]\].

2.7. Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL) {#sec2.7}
----------------------------------------------------------------------------------

The formalin-fixed paraffin-embedded tissue sections were subjected to TUNEL assay according to the instructions in the reagent kits (Roche Molecular Biochemicals). Briefly, the sections were deparaffinized, rehydrated in graded alcohol series, and then placed in 3% hydrogen peroxide in methanol for 10 min at room temperature. Sections were then incubated with 20 *μ*g/mL proteinase K for 15 min. The sections were washed several times in PBS and then incubated with TdT-enzyme TUNEL reaction mixture at 37°C for 1 h; then POD (conjugated with horseradish peroxidase) was dropped on the slides. The 3,3-diaminobenzidine (DAB) was used as the substrate. The sections without TUNEL reaction mixture were used as negative control. These sections were visualized by a Leica inverted microscope at 400× magnification. TUNEL-positive cardiomyocytes were carefully evaluated under double-blind conditions. At least 3 visual fields were chosen from each section for analysis. The rate of apoptotic cell nuclei is defined as apoptotic positive cell nuclei/total cell nuclei in the field.

2.8. Activities of Antioxidant Enzymes and Malondialdehyde (MDA) Content in Heart Tissue {#sec2.8}
----------------------------------------------------------------------------------------

The samples of heart tissue were weighed and homogenized (1 : 10, w/v) in 0.9% sodium chloride (pH 7.4). The level of MDA and the activities of SOD and CAT in heart tissue were determined by colorimetric analysis using a UV-VIS spectrophotometer (UV-2550, Shimadzu, Japan). The procedures were performed and the results were analyzed by kits according to the company\'s instructions (Nanjing Jiancheng Bioengineering Institute, China).

2.9. Western Blot {#sec2.9}
-----------------

The left ventricular tissue was lysed in RIPA buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM Na~3~VO~4~, 1 mg/mL aprotinin, leupeptin and pepstatin, 1 mM Phenylmethylsulfonyl fluoride (PMSF)) and protein concentration was determined by bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA). Equal amounts of protein were separated with a 12% SDS-PAGE and then transferred to PVDF membranes. After blocking with 5% defatting milk for 1 h at room temperature, the membranes were incubated with primary antibodies against PARP (Cell Signaling Technology), PKC*α*, PKC*β*1, PKC*β*2, Bax, and GAPDH (Santa Cruz Biotechnology, USA). Finally, the membranes were hybridized with horseradish peroxidase-conjugated secondary antibodies and blots were developed by an enhanced chemiluminescence detection kit (Pierce, Rockford, IL, USA). Band intensities were quantified using a densitometer analysis system (Quantity one software, Bio-Rad, PA, USA).

2.10. Intracellular ROS Detection {#sec2.10}
---------------------------------

ROS was measured with membrane permeable dye 2′,7′-dichlorodihydrofluorescein diacetate molecule probes H~2~DCF-DA (D6883, Sigma), a nonfluorescent probe that is rapidly oxidized to the fluorescent probe in the presence of intracellular ROS. H9c2 cells were obtained from American Type Culture Collection (ATCC) and cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). H9c2 Cells were plated in 96-well plates at a density of 10^4^/well and incubated in normal glucose medium (NG, 5.5 mM D-glucose) or high glucose medium (HG, 25 mM D-glucose) with or without 20 *μ*g/mL LMWF. Normal glucose medium supplemented with 20 mM D-mannitol was used as an osmotic control. 100 *μ*M H~2~O~2~ was used as a positive control. After treatments for 24 h, the cell medium was removed and replaced with phosphate-buffered saline (PBS) containing 20 *μ*M H~2~DCF-DA for 45 min at 37°C in the dark and in a humidified atmosphere with 5% CO~2~. After washing with PBS, the fluorescence was measured in a microplate reader (FluoDia T70, NJ, USA) at excitation and emission wavelengths of 485 and 520 nm, respectively.

2.11. Cell Viability Assay {#sec2.11}
--------------------------

Cell viability assay was performed by a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, the H9c2 cells were placed at a density of 5 × 10^3^ cells/well in 96-well plates. The cells were incubated in 100 *μ*L normal glucose medium (NG, 5.5 mM D-glucose) or high glucose medium (HG, 25 mM D-glucose) with or without 20 *μ*g/mL LMWF for 72 h. Normal glucose medium supplemented with 20 mM D-mannitol was used as an osmotic control. After treatment with 20 *μ*L MTT (5 mg/mL) for another 4 h, the solution was discarded and 150 *μ*L DMSO was added to each well. Absorbance was measured with a microplate reader (Bio-Rad Model 680, PA, USA) at 570 nm. We calculated the cell viability using the formula: Cell viability (%) = (OD~treatment  group~ − OD~blank~)/(OD~control  group~ − OD~blank~) × 100%.

2.12. Statistical Analysis {#sec2.12}
--------------------------

Data are presented as mean ± SEM unless otherwise stated. Data were evaluated by analysis of variance (ANOVA) with SPSS 16.0 software to show differences between the groups. A value of *P* \< 0.05 was considered as statistically significant.

3. Results {#sec3}
==========

3.1. LMWF Mitigates Left Ventricular Dysfunction in Diabetic Rats {#sec3.1}
-----------------------------------------------------------------

As a model of spontaneous nonobese type 2 diabetes, GK rats were confirmed to be hyperglycemic throughout this experiment. All the diabetic GK rats at 13-14 week old showed greater hyperglycemic responses after oral administration of glucose in OGTT before drug intervention. After treatment of LMWF for 3 months, the level of blood glucose in diabetic groups was significantly higher than that of normal control (16.2 ± 3.9 versus 6.5 ± 0.4 mM, *P* \< 0.05), while LMWF at the doses of 50 and 100 mg/kg/day did not improve the hyperglycemia in diabetic rats and the blood levels in F50 and F100 groups were 18.2 ± 4.2 mM and 17.7 ± 4.5 mM, respectively. It appears that LMWF has no effects on impaired glucose metabolism; however, it does protect against diabetes-induced hypertension and hyperlipidemia \[[@B29]\].

As echocardiographic parameters showed in [Table 1](#tab1){ref-type="table"}, GK rats at the age of 6 months developed obvious cardiac dysfunction, demonstrated by substantially impaired cardiac output (CO), ejection fraction (EF), and fraction shortening (FS). After administration of LMWF (100 mg/kg/day) for 3 months, these parameters in diabetic animals were significantly improved. The EF in diabetic group was significantly reduced compared with that of control group (52.63 ± 2.76% versus 73.42 ± 2.20, *P* \< 0.01), which can be robustly improved by the treatment of LMWF (64.34 ± 1.86% versus 52.63 ± 2.76%, *P* \< 0.01), indicating a potential protective effect of LMWF on cardiac performance in vivo.

To confirm the protective effect of LMWF on left ventricular dysfunction, we further performed heart perfusion by Langendorff system to evaluate left ventricular function at both baseline and isoprenaline- (ISO-) stimulated levels. Peak left ventricular pressure (LVP), a measurement of left ventricular contractility, was significantly reduced in diabetic rats when compared with that of control rats. Treatment of diabetic rats with LMWF improved the cardiac contractility to levels comparable to controls (*P* \< 0.05, [Figure 1(a)](#fig1){ref-type="fig"}). Moreover, animals in DM group also displayed significant reduction in left ventricular developed pressure (LVDP) and the maximum rate of contraction and relaxation (±dp/dt) when compared with those of control group at basal level. Although LMWF improved the above parameters in diabetic rats, there was no statistical significance (*P* \> 0.05) (Figures [1(b)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}). However, when ISO, a nonselective beta-adrenergic agonist that induces positive chronotropic, dromotropic, and inotropic effects, was employed to mimic the activation of cardiac sympathetic nerve system, diabetic rats showed a prominent depression of LVDP and the maximum rate of contraction and relaxation (±dp/dt) due to DCM compared with those of normal rats. LMWF could significantly improve the dysfunction of cardiac contractility and compliance in response to ISO in diabetic rats (Figures [1(b)](#fig1){ref-type="fig"} and [1(d)](#fig1){ref-type="fig"}), suggesting that LMWF treatment can improve the working state or functional performance of diabetic hearts.

3.2. LMWF Reduces Interstitial Fibrosis {#sec3.2}
---------------------------------------

It is well accepted that DCM was associated with a significant increase in myocardial fibrosis. Collagen content has been suggested to decisively influence the remodeling and mechanic properties of myocardium \[[@B34]\]. In order to explore whether long-term administration of LMWF has a beneficial impact on the structural changes of myocardium, we analyzed paraffin-embedded tissue sections by HE and Sirius Red staining. It revealed that obvious fibrosis and widening of the interstitial space were seen in hearts of diabetic rats compared with those in control group (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}). Moreover, compared with normal heart, interstitial and perivascular fibrosis was obviously accumulated in diabetic myocardium but was not prominently seen in diabetes rats treated with LMWF (Figures [2(b)](#fig2){ref-type="fig"} and [2(c)](#fig2){ref-type="fig"}). Cardiac fibrosis was further confirmed in diabetic myocardium by determining the expression of fibronectin, an extracellular matrix glycoprotein that plays an important role in abnormal cardiac muscle function. As shown in [Figure 2(d)](#fig2){ref-type="fig"}, the mRNA level of fibronectin was significantly increased in the heart of GK rats compared to control rats (*P* \< 0.05). Treatment with LMWF (50 or 100 mg/kg/day) significantly reduced the expressions of fibronectin when compared with diabetic group (*P* \< 0.05). In the magnified micrographs, myocyte areas of LV cross sections were significantly increased in diabetic rats compared with those of control rats ([Figure 3(a)](#fig3){ref-type="fig"}). Further statistical analysis of the myocyte hypertrophy occurred in diabetic hearts demonstrated that LMWF at concentrations of 50 and 100 mg/kg/day significantly reduced the increased myocyte size ([Figure 3(b)](#fig3){ref-type="fig"}, *P* \< 0.05).

3.3. LMWF Inhibits Diabetes-Induced Cardiomyocyte Apoptosis {#sec3.3}
-----------------------------------------------------------

Myocardial cell death plays a critical role in the pathogenesis of DCM due to the loss of terminally differentiated cardiac myocytes, and inhibition of apoptosis by antioxidants results in a significant prevention of diabetic cardiotoxicity \[[@B35]\]. Here, as shown in [Figure 4(a)](#fig4){ref-type="fig"}, the nuclei of apoptotic cardiomyocytes were stained in brown in contrast with blue staining of negative control by TUNEL assay. To exclude the disturbance of false positivity of blood cells, we only evaluate the apoptosis by counting the number of nuclei of cardiomyocytes which have larger nuclei than blood cells. Noticeably, the nuclei of apoptotic cardiomyocytes stained in brown in DM group ([Figure 4(a)](#fig4){ref-type="fig"}, panels III and IV) were with higher intensity and larger proportion than those of control group (panel II); LMWF (50 or 100 mg/kg/day) treatment significantly attenuated the DNA fragmentation of diabetic cardiomyocytes (panels V and VI, and [Figure 4(b)](#fig4){ref-type="fig"}, *P* \< 0.05). Furthermore, Western blot was performed to detect the expression of apoptotic proteins. Bax is a mitochondrial protein that promotes cell apoptosis. PARP, a nuclear poly (ADP-ribose) polymerase, is involved in DNA repair in response to environmental stress and the cleavage of PARP serves as a marker of cells undergoing apoptosis. As shown in [Figure 4(c)](#fig4){ref-type="fig"}, the expression of both Bax and cleaved PARP was enhanced significantly in DM group compared with that in control group (*P* \< 0.05). Similarly, LMWF treatment inhibited the increase of Bax and PARP cleavage in cardiac tissue of diabetic rats.

3.4. LMWF Inhibits Oxidative Stress by Regulation of Antioxidant Enzymes and PKC Expression {#sec3.4}
-------------------------------------------------------------------------------------------

Hyperglycemia produces damaging effects through ROS accumulation in the heart. Oxidative stress occurs through the overproduction of ROS or the impaired elimination by antioxidant enzymes. In order to explore the cardioprotective mechanism of LMWF, the level of lipid peroxides and activities of antioxidant enzymes (SOD and CAT) were determined. As shown in [Figure 5](#fig5){ref-type="fig"}, there was an increased accumulation of lipid peroxides in diabetic rats as indicated by the higher level of MDA. Consistently, the enzymatic activity of antioxidant SOD was decreased significantly compared with that in controls (*P* \< 0.05). The treatment of LMWF enhanced the SOD activity and inhibited the MDA content in diabetic rats (*P* \< 0.05 versus DM group). CAT also displayed a similar trend in diabetic rats but with no statistical significance (*P* \> 0.05).

In addition to the changes in antioxidant enzymes, abnormal activation of PKC*β* resulting from increased formation of diacylglycerol (DAG) by hyperglycemia, has been proposed as an important contributor to the production of ROS in diabetic cardiomyocytes in a positive feedback manner \[[@B18]\]. In order to explore whether LMWF has any effect on the altered expression of PKC*β*, the expression of PKC in cardiac tissues from each group was detected by Western blotting. As shown in Figures [5(d)](#fig5){ref-type="fig"} and [5(e)](#fig5){ref-type="fig"}, isotypes of PKC*β* ~1~ and PKC*β* ~2~ were both significantly overexpressed in diabetic hearts, and this diabetes-associated specific change could be attenuated by LMWF intervention in diabetic rats.

Finally, the inhibitory effect of LMWF on the production of ROS, PKC*β* overexpression, and cell apoptosis were examined in cultured rat cardiomyocytes H9c2 that were challenged with high glucose (25 mM D-glucose). As shown in [Figure 6](#fig6){ref-type="fig"}, LMWF at concentration of 20 *μ*g/mL significantly attenuated high glucose-induced PKC*β* overexpression and ROS production in H9c2 cells. In addition, the high glucose-induced cell death was also suppressed by 20 *μ*g/mL LMWF determined by the MTT assay.

4. Discussion {#sec4}
=============

The present study demonstrates that prolonged treatment of type 2 diabetic GK rats with LMWF produces a protective effect against cardiac dysfunction. This judgment is mainly based on the following supporting data: (1) LMWF improves cardiac dysfunction by increasing the contraction and compliance of myocardium evaluated by echocardiography and isolated heart perfusion ([Table 1](#tab1){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"}); (2) LMWF ameliorates the cardiac remodeling by reducing myocardium fibrosis and hypertrophy (Figures [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}); (3) LMWF reduces oxidative stress and hence cardiomyocyte apoptosis by improving the antioxidant enzymes and attenuation of PKC*β*-mediated ROS production (Figures [4](#fig4){ref-type="fig"}--[6](#fig6){ref-type="fig"}).

DCM is one of the serious complications of diabetes and characterized by early-onset diastolic and late-onset systolic dysfunctions as well as cardiac remodeling. It is well known that 90% diabetes patients around the world are inflicted with type 2 diabetes and most of them are susceptible to cardiac dysfunction. Spontaneous diabetic GK rats represent type 2 diabetic phenotype and may develop DCM after several weeks \[[@B36]\]; thus we adopted GK rats to explore the effect of LMWF on cardiac dysfunction. Cardiac fibrosis and cardiomyocyte apoptosis are important characteristics of DCM and responsible for cardiac remodeling \[[@B37], [@B38]\]. The present study demonstrates that GK rats developed marked cardiac dysfunction as shown by echocardiographic parameters and isolated heart perfusion as well as increased myocardium fibrosis and hypertrophy. Treatment with LMWF plays a crucial role in protecting against cardiac dysfunction not only by ameliorating the blood pressure and lipids metabolism, but also by preventing oxidative stress mediated myocardial injury and remodeling.

Oxidative stress, an imbalance between endogenous ROS and antioxidant systems, is involved in the development of diabetes complications, both microvascular and cardiovascular \[[@B7], [@B8], [@B39]\]. The metabolic abnormalities and insulin resistance of diabetes cause mitochondrial ROS overproduction from free fatty acids in the cardiomyocytes. On the one hand, ROS alters Ca^2+^-handling protein such as RyR, SERCA, and phospholamban (PLB) and their abnormalities in return impair calcium homeostasis \[[@B14], [@B40]\], resulting in inotropic defects and heart dysfunction. On the other hand, oxidative stress has been shown to be linked with increased cardiomyocyte apoptosis in diabetes, which promotes cardiac remodeling and contributes to DCM \[[@B41]--[@B43]\]. MDA, an end-product of lipid peroxidation, has been shown to be mutagenic by forming DNA adducts, representing the level of free radicals that can damage fatty acids \[[@B44]\]. In this study, we found that MDA was significantly increased in diabetic cardiac tissues, which implied that hyperglycemia can induce peroxidation of lipids and progressively increase oxidative stress in the hearts of diabetic GK rats. In addition, decreased levels of antioxidant enzymes in the diabetic rats were also found to make the cardiac tissues more susceptible to oxidative damage \[[@B45]\]. Here, the antioxidant enzyme SOD is markedly reduced in diabetic heart, and another antioxidant enzyme CAT displayed the similar trend although there is no statistical significance. Thus, these results were consistent with previous studies that increased superoxide production and lipid peroxidation and decreased activities of antioxidant enzymes (GPx, SOD, and CAT) exist in type 2 diabetes \[[@B46], [@B47]\]. LMWF could reduce the production of MDA and enhance the activity of SOD in GK rats.

In addition, LMWF also mitigated the enhanced expression of PKC*β* in diabetic rats. Alteration in PKC*β* level or activity has been implicated in diabetic damage \[[@B48]\]. PKC*β* upregulation in diabetes forms a positive feedback loop to increase diabetes-induced oxidative stress \[[@B49]\], and PKC*β*2 activation is associated with increased expression of connective tissue growth factor which could induce cardiac fibrosis in diabetes \[[@B15]\]. A potential antioxidant N-acetylcysteine has been demonstrated to attenuate the PKC*β*2 overexpression and cardiac remodeling \[[@B19]\]. In this study, we also found that LMWF significantly inhibited the overexpression of PKC*β*. In addition, in rat ventricular myocytes H9c2 cells that were exposed to high glucose, the increased PKC*β* expression, ROS production, and cell death induced by high glucose were significantly attenuated by LMWF treatment, suggesting the beneficial effect of LMWF in the harmful chain of PKC/ROS/apoptosis triggered by high glucose.

To date, a number of chemicals and agents have been explored to reduce the cardiac cell apoptosis and oxidative stress in animal models of diabetes \[[@B20], [@B21], [@B23]\], but few can be finally developed into clinical uses because of its insufficient effectiveness and substantial adverse effects in human \[[@B13], [@B24]\]. LMWF, an extract from natural occurring brown algae, has been shown to have favorable toxic profile \[[@B50], [@B51]\]. Thus, it is possible for development of LMWF in final stage based on the efficacy and safety of LMWF in the prevention and treatment of diabetic complication.

In summary, the present study provides the first evidence for the protective effect of LMWF on the development of DCM. LMWF inhibits oxidative stress and resultant cardiomyocyte apoptosis in diabetic heart by potentiating the antioxidant enzymatic activity and inhibiting PKC*β*-dependent ROS production. In light of its efficacy and safety, LMWF may serve as a potential therapeutic drug for prevention and treatment of DCM.
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![Influence of LMWF administration on myocardial contractility of diabetic GK rats determined in isolated perfused hearts. Peak left ventricular pressure (LVP) was shown in (a). Left ventricular developed pressures (LVDP) at both baseline levels and stimulated by isoprenaline (ISO, 10^−5 ^M) were shown in (b). The maximum rates of contraction and relaxation of myocardium (±dp/dt) at both baseline levels and in response to ISO stimulation were shown in ((c), (d)). *N* = 5--7 for each group, ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01, versus control group; ^\#^ *P* \< 0.05 versus DM group.](JDR2014-420929.001){#fig1}

![LMWF attenuated pathological changes in the hearts of diabetic GK rats. Representative micrographs of myocardial tissue sections stained with Hematoxylin and Eosin (a) and Sirius Red (b) for each group (*N* = 3, scale bar = 100 *μ*m). I represents control group, II represents DM group, and III and IV represent diabetic rats administered with 50 and 100 mg/kg/day LMWF, respectively. The black lined-box (in (b)) shows a high-magnification micrograph of Sirius Red-stained sections. Myocardial fibrosis was stained in red. (c) Fibrosis area was measured and statistical analysis was performed in different groups. (d) The level of fibronectin mRNA expression in heart tissues of each group was determined by real-time PCR, and the statistical analysis of fibronectin mRNA normalized to the housekeeping gene GAPDH was shown (*N* = 3). ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01 versus control group; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01 versus DM group.](JDR2014-420929.002){#fig2}

![LMWF improved structural changes of myocardial tissue of diabetic GK rats. ((a), (b)) Representative micrographs of LV cross sections and myocyte cross-sectional area was measured in different groups and statistical analysis was performed (*N* = 3, scale bar = 50 *μ*m). I represents control group, II represents DM group, and III and IV represent diabetic rats administered with 50 and 100 mg/kg/day LMWF, respectively. ^\*\*^ *P* \< 0.01 versus control group; ^\#\#^ *P* \< 0.01 versus DM group.](JDR2014-420929.003){#fig3}

![LMWF reduced apoptosis in the cardiac tissue of diabetic GK rats. (a) Representative micrographs of the TUNEL assay. I represents negative control group without TUNEL reaction mixture, II represents control group, III and IV represent DM group, and V and VI represent diabetic rats administered with 50 and 100 mg/kg/day LMWF, respectively (scale bar = 50 *μ*m, *N* = 3 in each group). The black lined-boxes (in I, II, and IV) were shown by high-magnification micrographs of VII, VIII, and IX, respectively. Bold arrows show the nuclei of blood cells while thin arrows show the nuclei of cardiomyocytes. (b) Statistical analysis of the percentage of apoptotic cells in each group by randomly selected 9 fields from each micrograph. (c) Western blots showing the expression of Bax and PARP in heart tissues of each group. The densitometry value of Bax and cleaved PARP was normalized to that of GAPDH and data are presented as the mean ± SEM. The statistical analysis was performed. ^\*\*^ *P* \< 0.01 versus control group; ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01 versus DM group. *N* = 9 in each group.](JDR2014-420929.004){#fig4}

![LMWF reduced oxidative stress in diabetic GK rats. Administration with 50 and 100 mg/kg/day LMWF decreased MDA content (a) and increased SOD activity (b) in cardiac tissues of diabetic rats. (c) Administration with 100 mg/kg/day LMWF has no significant effect on the CAT activity of cardiac tissue in diabetic rats. ^\*^ *P* \< 0.05 versus control group, ^\#^ *P* \< 0.05 versus DM group. *N* = 8--10 in each group. (d) Western blots were performed to determine the expression of PKC*β*1, PKC*β*2, and PKC*α* in cardiac tissues of each group. (e) The densitometry value of PKC was normalized to that of GAPDH and data are presented as the mean ± SEM. The statistical analysis was performed. ^\*^ *P* \< 0.05 versus control group, ^\#^ *P* \< 0.05 versus DM group. *N* = 9 in each group.](JDR2014-420929.005){#fig5}

![LMWF directly inhibited PKC*β*-mediated ROS production in H9c2 cells induced by high glucose. ((a), (b)) H9c2 cells were incubated in normal glucose (NG, 5.5 mM D-glucose) and treated with high glucose (HG, 25 mM D-glucose) without or with LMWF (20 *μ*g/mL) treatment for 24 h. D-mannitol (20 mM) was used as an osmotic control. Then cells were incubated with 20 *μ*M H~2~DCF-DA at 37°C for 45 min. After washing with PBS, fluorescence intensity was examined by fluorescence microscope (excitation wavelength = 485 nm, exposure time = 10 ms). The micrographs were taken by both light and fluorescence microscopes in the same fields. (c) H9c2 cells were seeded in 96-well microplates and subjected to the same treatment as above to detect ROS production. H~2~O~2~ was used as a positive control. (d) H9c2 cells were seeded in 96-well plates and subjected to the same treatment as above, after 72 h, cell viability was determined by MTT assay. (e) H9c2 cells were seeded in 6-well plates and were treated with HG (25 mM D-glucose) without or with LMWF (10, 20 *μ*g/mL) treatment for 48 h. Then cells were harvested and protein lysates were subjected to Western blot analysis of the expression of PKC*β*1 and PKC*β*2 relative to the expression of *α*-actin. The densitometry value of PKC was normalized to that of *α*-actin and statistical analysis was performed. Data are presented as the mean ± SEM. ^\*\*^ *P* \< 0.01 versus control or D-mannitol group, ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01 versus HG group.](JDR2014-420929.006){#fig6}

###### 

Echocardiographic parameters of rats from different groups.

  Parameters                CON (*N* = 6)    DM (*N* = 8)           F100 (*N* = 6)
  ------------------------- ---------------- ---------------------- ----------------------
  LVID;d (mm)               8.64 ± 0.24      8.68 ± 0.19            7.82 ± 0.35^\#^
  LVPW;d (mm)               1.76 ± 0.13      1.67 ± 0.13            1.67 ± 0.11
  LVID;s (mm)               4.80 ± 0.18      6.20 ± 0.19^\*\*^      4.96 ± 0.23^\#\#^
  LVPW;s (mm)               2.99 ± 0.19      2.08 ± 0.091^\*\*^     2.35 ± 0.18
  LVAW;d (mm)               1.71 ± 0.12      1.37 ± 0.066^\*^       1.39 ± 0.071
  LVAW;s (mm)               1.97 ± 0.11      1.67 ± 0.064^\*^       1.74 ± 0.11
  LV Vol;d (*μ*l)           411.69 ± 24.99   415.53 ± 19.63         398.62 ± 32.58
  LV Vol;s (*μ*l)           108.51 ± 9.84    196.01 ± 13.93^\*\*^   108.21 ± 14.27^\#\#^
  CO (*µ*l)                 303.17 ± 22.87   219.52 ± 14.95^\*\*^   290.41 ± 31.79^\#^
  EF (%)                    73.42 ± 2.20     52.63 ± 2.76^\*\*^     64.34 ± 1.86^\#\#^
  FS (%)                    44.41 ± 1.91     28.56 ± 1.80^\*\*^     36.54 ± 1.43^\#\#^
  LV mass/body weight (%)   0.20 ± 0.024     0.24 ± 0.030^\*^       0.23 ± 0.015

LVIDd(s): left ventricular end-diastolic (systolic) inner-dimension; LVPWd(s): diastolic (systolic) left ventricular posterior wall thickness; LVAWd(s): diastolic (systolic) left ventricular anterior wall thickness; LV Vol d(s): left ventricular diastolic (systolic) volume; CO: cardiac output; EF: ejection fraction; FS: fraction shortening. Each value is mean ± SEM for 6--8 rats in each group. ^\*^ *P* \< 0.05 and ^\*\*^ *P* \< 0.01 versus control, respectively. ^\#^ *P* \< 0.05 and ^\#\#^ *P* \< 0.01 versus diabetes, respectively.

[^1]: Academic Editor: Subrata Chakrabarti
